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This  was t h e  e leventh r4ASA-ASEE Summer Facul ty  Systems Engineering 
Program conducted by Stanford Un ivcrs i  t y  and the  Ames Research Laboratory. 
This year  the top ic ,  as o r i g i n a l l y  s t a t e d  t o  t h e  Fellows, was " the  design 
of a system t o  de tec t  ex t ra -so la r  planets."  Appendix 1 contains the  
s l i g h t l y  expanded statement of  t h i s  problem as i t  was inc luded i n  the  
pub1 i c i  ty f o r  t h e  workshcp. 

The p a r t i c i p a t i t s  were selected from so::ie 150 app l ican ts  who i n d i c a i e d  
,,,I.- . ; b u ~ ,  V I  d.) aCLlllJ LI Iy 111Gc1 Illy p l  uyr ail! as f i r s t  choice. Selec t ion  
was made by consider ing t h e  fol lowing f a c t o r s :  
+ha C+a F.-:FA C t r c f n r n c  rnnir-nu<m- ------- 

1. The p r o b a b i l i t y  of the a r p l i c a n t  conducting s y s t e m  
engineer ing programs a t  h i s  home school 

2. Techcical  balance of th2 group 

3. Age 

4. Academi c credent i a1 s 

5.  I n t e r e s t s  

Appendix 2 l i s t s  the  f i n a l  p s r t i c i p a n t s  and t h e i r  i n s t i t u t i o n s .  

I n  general, t h e  study fol lowed t h e  format which has been prev iocs ly  
used i n  these ~ ~ i - k s k ~ ~ p s .  
w i t h  the  macy f a c w r s  involved i n  %he detec t ion  o f  ex t ra -so la r  p lanets ,  
ga ther ing  data i n  parametr ic forin, and examiqing a1 t e r n a t i v e  concepts. As 
usual, exper t  i e c t u r z r s  were i n v i t e d  and d i d  a n  e x c e l l e n t  job. Four weeks 
were a l l oca ted  t o  phase 1. 
was spent i n  convergence and the f i n a l  f o u r  weeks were spent i n  f i n a l i z i n g  
d e t a i l s .  

The f i r s t  phase was spent i n  becoming f a m i l i a r  

The nex t  phase o f  the  st i ldy (chree Heeks) 

The t o p i c  f o r  t h i s  summer's study was suggested by %he D i r e c t o r  o f  Ames 
Research Center. 
s tudy ing t h e  de tec t ion  o f  e x t r a t e r r e s t r i a l  i n t e l l i s e n c e .  Obviously, 
the exis tence o f  i n t e l l i g e n t  beings -in space i s  a f u n c t i o n  o f  the  
number of  inhabi  tab; e bodi'cs. It there fore  becomes extremely important 
t o  f i a d  whether p lanets  a re  m ique  t o  the  Sur) o r  whether they are  a 
comon phenomena i n  the  universe. Although i t  has been our p o l i c y  t o  
a1 te rna te  study top ics  Letween space svcterns and systems w i t h  a h igher  
s o c i a l  content, the  t o p i c  was chosen f e r  several  reasons: 

i t  i s  o f  p a r t i c u l a r  i n t e r e s t  t o  the group a t  Ames 

1 .  I t  was w e l l  sized. Pre l iminary work i n d i c a t e d  t h a t  the system 
would poss ib ly  be earth-based, which would r e s u l t  i n  costs and 
resource expenditures o f  a masnitude which would be r e a l i s t i c  
t o  the sunmer gl*oup. 

2. It was a high-technology system, and our experience hPs i n d i c a t e d  
that. s tud ies based on a high-techno1cg.y system run more smoothly 
w i t h  a high degree o f  s a t i s f a c t i o n  on the p a r t  o f  the p a r t i c i p a n t s .  

3.  I t  was h i g h l y  mot ivdt ing and o f  g rea t  i n t e r e s t  t o  the  s c i e n t i f i c  
c0mur.i t y  . 

4. I t  was of  h igh  i n t 9 r e s t  t o  Ames Research Center. 

I 
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The topic proved to  be an excellent one. 
def ini te ly  a breakthrough and there  i s  great i n t e re s t  a t  Ames i n  pursuing 
the project.  
a l l  had an excellent opportunity to  experience the joys a n d  the f rus t ra t ions  
of an e f f o r t  of this type. A couple of  features of this par t icu lar  study 
are  perhaps worthy of specif ic  mention. 

The f inal  system design i s  

The design process ran i t s  usual course and the par t ic ipants  

1. The study contained "experts" among the par t ic ipants .  
These people were involved i n  astronomy and  were extremely 
f luent  i n  many of the considerations necessary to  define the 
system. Some resentment arose between the ' 'experts" a n d  the 
remaining participants.  This has happened before in our s tudies .  
The resentment was discussed openly, understood by a l l ,  and  
d i d  not seriously in te r fe re  w i t h  the study. However, i t  was 
rea1,and had the group not been such a compatible m i x  of 
personalit ies,  could have been d i f f i c u l t  t o  handle. The same 
problem existed i n  t h e  Space Colony S t u d y  (Jerry O'Neill a n d  
his cohorts were "experts") ,  the Cyclops Study (Barney Oliver 
was an "expert'l) and  to  a lesser  extent i n  the Ar t i f ic ia l  
Carbohydrate S tudy  (the enzyme chemists were "experts").  
"Expert" par t ic ipants  i s  extremely valuable i n  achieving 
greater  depth i n  a study as short  as the summer workshops. 
However, we are also becoming increasingly aware of the 
resul t i  ng d i  f f i cul ty  o f  the group dynamics . 

2. As i n  many of our high-technology s tudies ,  the f i n a l  design 
outran the general is t  capabi l i t i es  of the participants.  
technical considerations were advanced and the participants 
were forced t o  take i n p u t s  i n  d iscipl ines  other than the i r  own 
on some f a i t h .  This i s  typical of a system design. However, 
i t  i s  always somewhat t r icky i n  these sumner groups because the 
par t ic ipants  have no his tory of working together, and  therefore 
do not know how t o  judge each o ther ' s  competence and because 
the group i s  publication-conscious, they begin to  worry a b o u t  the 
technical qual i ty  of the f inal  report as the study progresses. 
T h i s  group voiced these concerns heavily a t  one of  t he i r  f i n a l  
meetings. Although these concerns have been f e l t  by members o f  
previous groups, this  was perhaps the f i r s t  time they have been 
transmitted formally t o  the co-directors. T h i s  was undoubtedly 
a function of the presence of the above-mentioned ''experts'' 
and the amount of j a rgon  i n  the area. Once again, th i s  uneasiness 
d i d  no t  handicap the s tudy ,  b u t  i s  a fac tor  tha t  i s  important i n  
the  group, particularly as i t  influences the c rea t iv i ty  of  t he i r  
o u t p u t .  A g r o u p  which i s  n o t  confident of i t s  technical a b i l i t y  
cannot be expected t o  take the r isk necessary t o  come u p  w i t h  a 
breakthrough. 

The 

The  support and cooperation a t  the Ames Research Center was, as u s u a l ,  
excellent.  
Director, and J o h n  B i  11 ingham, Head of  the Extra-Terrestrial Intel 1 igence 
Project and previous co-director of several Stanford-Ames summer s tudies ,  
Was invaluable. 
as a NASA document. Two short documents are attached. The f i r s t  

I n  par t icu lar ,  the  enthusiast ic  support of  Hans Mark, the 

The f inal  report of t h i s  s tudy  w i l l  probably be published 
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(Appendix 3 )  i s  a press release which concerns the topic of planetary 
detection. The second (Appendix 4 )  i s  a short  description o f  imag ing  
interferometry, which was the technique chosen by the group. 



APPENDIX 1 

-- PROGRAM DESCRIPTIOIj 

For the coming s?lmmer we a re  p l a n n i n g  t o  design a system f o r  the detection 
o f  planets outside o f  o u r  solar system. The discovery of' planetary 
systems arocnd other stars i s  o f  great  s c i e n t i f i c  and philosophical 
impwtance. The detection o f  wen a s ing le  planet would be an important 
validation o f  certain cosmological and  astronomical theories.  The 
detectiorl o f  more than one wculd be of correspondingly greater  i n t e re s t .  
Ames Research Laboratory i s  par t icular ly  interested because of t he i r  
involvement i n  studies having to do w i t h  the detection of  ex t r a t e r r e s t r i a l  
intel l igence and the orcbability of l i f e .  
dependent on p r o t m i l i  ty of planetary existence outside of the so la r  
system. 

Such s tudies  a re  heavily 

Preliminary work h d s  indicated t h s t  there a re  several feas ib le  techiques 
for the discovery o f  other planets. These could be applied e i the r  from 
the ea r th ' s  surfi?cc, frGm balloon-bdsed instruments or  from the ea r th ' s  
o r b i t i n g  observdtories. The summer study wi l l  f i r s t  of a l l  study tne 
advantages and disadvantages o f  various s t ra teg ies  f o r  the  detection 
o f  planets. I t  will then proceed with a design leading to  a spec i f ic  
system. 

T h i s  topic should he an excellent one fo r  a 
number D f  r2asons. I t  i s  suf f ic ien t ly  comp 
the systems design approach becomes Val i d .  
su f f i c i en t ly  to  adequately bound the design 
challenging and i n t e l l x t u a l l y  broadening. 

systems design s tudy  f o r  a 
t x  and -interdisciplinary tha t  
I t  has Deen studied 

I t  i s ,  above d l l ,  technically 
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APFENDIX 3 
I 

PROJECT ORION: A DESIGN STUDY OF SYSTEMS FOR DETECTING 

EXTRASOLAR PLANETS 

E v e 0  summer f o r  the  pas t  e i g h t  years, Ames Research Center and 

Stanford Un ive rs i t y  hzve j o i  n t l y  coordinated NASA-ASEE des i gn s tud ies on a wide 

v a r i e t y  o f  top ics .  This  sumner, the study has considered the design o f  systems 

which would enab;e k n k i n d  t o  address a fundamental and as y e t  unanswered 

question; "Are p lace ta ry  systems a comnm occurrence i n  the Galaxy, o r  i s  the  

s o l  a r sys tem un i que? I' 

The e f fo r ts  o f  t h i s  smner  were d i rec ted  p r i m a r i l y  toward the  design o f  an 

u l t i m a t e  telescope f o r  the purpose o f  as t romet r ic  de tec t ion  o f  p lanets .  

Astrometry i s  t h z t  brarlch o f  astronomy concerned w i t h  p rec ise  determinat ions 

of  t h e  p o s i t i o n  o f  s ta rs .  I f  a star has a p lcnetary  companion, the apparent 

mot ion o f  the  s t a r  across the  sky w i l l  undergo 

wobble. 

example. 

f rom the nearest  s ta r ,  i s  equivdlent t o  de tec t i ng  a motion o f  on l v  1/20 o f  an 

small, b u t  i n  p r inc ip le ,  detectable 

Some f e e l i n g  f o r  the magnitude o f  the  task can be had from the f o l l o w i n g  

Detect ion c t f  the wobble i n  the Sun's motion dlie t o  Jup i te r ,  6s viewed 

i n c h  a t  a d is tance o f  40 mi les,  roughly the distance from Ames t o  the Golden 

Gate Bridge. 

beyond present t e l  esccpec 

designed t h i s  sumner i s  capable o f  measuring the  equiva lent  o f  m l y  1 t o  3 

thousandths of an i nch  motion a t  a d is tance o f  40 mi les.  This instrumeat would 

be a b l e  t o  de tec t  Jov ian mass planets around most o f  the  s t a r s  w i t h i n  150 l i g h t  

years  o f  the  S u n .  

The a b i l i t y  t c  detect  m t i o n  on t h a t  sca le i s  an order  o f  magnitude 

lhct i m g i n g  i nter ferometer  as t r c m e t r i  c t e l  escape 

An .instrument o f  t h i s  s e n s i t i v i t y  i s  ab le t o  extend o ther  hor izons as w e l l .  

The c o s m l c g i c a l  d is tance sca ie  i s  es tab l i shed through a chain o f  d is tance markers. 

An impor tan t  l i n k  in t h a t  chain, p a r a l l a x  m a s u r e m n t s  o f  d istance, could be 

extended near ly  twc orders o f  magnitude. 

t h e  d is tance t o  any s t a r  w i t h i n  33,000 l i g h t  years o f  the Sun a l s o  means t h a t  the 

The a b i l i t y  t o  accurate ly  measure 

- -  T 



absolute o r  i p t r i n s i c  br ightness c f  a l l  such s ta rs  would be p r e c i s e l y  determined. 

Knowledge o f  the  i n t r i n s f c  br ightness o f  so many s t a r s  would prov ide two impor tant  

developments i n  astrophysics;  establ ishment o f  a f i r m  empi r i ca l  foundation f o r  

* 

d 

I t he  s tudy o f  s t e l l a r  s t ruc tu re ,  and p rov i s ion  o f  absolute c a l i b r a t i o n  o f  o ther  

techniques present ly  used t o  estimate the i n t r i n s i c  br ightness o f  d i s t a n t  

s ta rs .  

The mot iva t ion  behind Pro jec t  Or ion can perhaps be bes t  understood by 

answering the  question, "Why i s  a search f o r  o ther  p lanetary  systems impor tant?"  

I n  l a r g e  measure, the answer t o  tha t  quest ion i s  contained i n  two top ics :  

the  o r i g i n  o f  the s o l a r  systea and the  existence of e x t r a t e r r e s t r i a l  i n t e l l i g e n c e ,  

which seem a t  f i r s t  glance uprelated t o  one another. 

Speculat ion concerning the o r i g i n  0.;' the s o l a r  system i s  as o l d  as man 

himself." The "Motierr" e ra  o f  such speculat ion i s  genera l l y  i d e n t i f i e d  w i t h  

the  Copernican revo lu t i c r i ,  whizh showed t h a t  the Ear th  was n o t  the center o f  

t he  universe. The major cosmogonii hyDotheses o f  t h i s  e a r l y  pe r iod  were 

those o f  Laplace and Kant. Althouq'n d i f f e r i n g  from each o ther  i n  d e t a i l ,  the 

hypotheses were s i m i l a r  i n  t h a t  they both envis ioned the  p lanets  a5 having 

formed from materi27 t h a t  was spun o f f  o f  the  Sun. These hypotheses were 

d iscarded a l i t t l e  over a century a f t e r  they were advanced when i t  was r e a l i z e d  

t h a t  t he  Sun, which has a b w t  99 percent cif  the mass i n  thz  sc; lar  system, has 

on iy  about 2 percent o f  the  ang2lar momlenturn o f  the  s o l a r  system. 

reason these hypotheses f e l l  i n t o  d i s favo r  was t h a t  a t  the t i a e  ~ t '  t h i s  

observat ional  discovery, t he re  was no known mechansism which would remove 

angu lar  momentum from the  Sun. 

were d i r e c t e d  s p x 7 f i c a l  ly a t  the  problem o f  the  angular momentum d i s t r i b u t i o n  

i n  the s o l a r  system. 

b u t  they  a l l  tended t o  r e l y  on s ingu la r  o r  ca tas t roph ic  events, such as a 

Supernova o r  a s t e l l a r  c o l l i s i o n ,  t o  account f o r  the  s o l a r  system. 

The p r i n c i p a l  

The nex t  generat ion o f  cosmogonic hypotheses 

Agzin, there  were va r ia t i ons  among the hypotheses, 

Most of 
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these "catast r3phic"  hypothesis, which were.popular i n  the f i r s t  few decades 

o f  t h i s  century, have subsequently been shown t o  be p h y s i c a l l y  untenable, o r  

I a t  the  very leas t ,  h i g h l y  un l i ke l y .  Most c u r r e n t  hypotheses concerning the 

o r i g i n  o f  the  s o l a r  system ar8 i n  many ways s i m i l a r  t o  the e a r l y  hypotheses 

o f  Laplace and Kant, i n  t h a t  they env is ion  the planets forming from a nebula 

o f  gas and dust which i s  thought t o  have surrounded the  Sun e a r l y  i n  i t s  

h i s t o r y .  This r e t u r n  t o  a "nebu:ar-" h,ypothesis has come about p r i m a r i l y  f o r  

two reasons. F i r s t ,  u n l i k e  our counterparts o f  the  previous century, we now 

know o f  severa: reasonablc physical  mechanisms which could have removed angular 

momentum from the  Stin. Combining observationa! s tud ies  o f  the  r o t a t i o n a l  

v e l o c i t i e s  o f  s t a r s  on the main sequence (s ta rs  o f  various masses which, l i k e  

the Sun., a r e  d e r i v i n g  t h e i r  luminous energy mainly from conversion o f  hydrogen 

i n t o  he l ium) w i t h  t h e o r e t i c a l  models o f  s t e l l a r  s t ruc tu re ,  a cons is ten t  

* 
p i c t u r e  emerges which i nd i ca tes  tha t  the Sun has very l i t t l e  angular momentum 

because m s t  o f  i t  was removed by the  s o l a r  wind, a plasma which cont inuously  

f lows o f f  of t he  Sun's surface. The second reason f o r  a r e t u r n  t o  "nebular"  

hypotheses i s  t h a t  the  advent o f  h igh  speed e l e c t r o n i c  computers permits us 

t o  perform numerical experiments o r  model l ing o f  the  co l lapse o f  an i n t e r -  

s t e l l a r  c loud  under the  in f luence o f  i t s  own g r a v i t y .  It i s  genera l l y  f e l t  

t h a t  s t a r s  form by v i r t u e  of such a co l lapse process. Although these 

numerical  experiments a re  no t  d e f i n i t i v e ,  they s t r o n g l y  suggest t h a t  when a 

s t a r  i s  born, i t  i s  l i k e l y  t o  have a c i r c u m s t e l l a r  nebula, and t h a t  cond i t ions  

i n  such a nebula would be h i g h l y  conducive t o  the  formation o f  p lanetary  

hodies. 

say t h a t  p l a w t a r y  system formation seems t o  be a na tura l ,  i f  n o t  i n e v i t a b l e ,  

aspect o f  the  s t a r  f3rrrjatian Process. 

"ca tas t roph ic "  and "nebular"  cosmogonic hypotheses i s  t h a t  i f  the  former i s  

An equ iva len t  way o f  expr?ssing present cosmogonic hypotheses is t o  

The impor tant  d i s t i n c t i o n  between the 
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correct ,  p lanetary  systems are the except ion r a t h e r  than the  r u l e ,  whereas 

if the l a t t e r  i s  correct ,  p lanetary systems are the  r u l e .  A systematic 

study o f  the  frequency o f  occurrence o f  p lanetary  systems would thus prov ide 

a va luable observat ional  check on present  theor ies o f  s t a r  formation. 

The poss ib le  existence o f  e x t r a t e r r e s t r i a l  i n t e l l i g e n c e  (ETI) ,  as 

w i th  specu la t ion  concerning the  o r i g i n  o f  the s o l a r  system, has long piqued 

man's c u r i o s i t y .  This c u r i o s i t y  has been the bas is  f o r  a number o f  science 

f i c t i o n  e f f o r t s .  A graphic demonstration o f  t h i s  fasc ina t i on  w i t h  ET1 i s  

Orson Welles' r a d i o  dramat izat ion i n  1939 o f  the  work by H.G. Wells e n t i t l e d ,  

"War o f  the  Worlds." U n t i l  r e l a t i v e l y  recent ly ,  the  sub jec t  o f  ET1 had bee? 

the p l a y t h i n g  o f  science f i c t i o n ,  and had received no ser ious considerat ion 

i n  the  'realm o f  s c i e n t i f i c  inqu i ry .  However, Morr ison and Cocconi (1959) 

took 'the f i r s t  major s tep i n  changing the a t t i t u d e  o f  the s c i e n t i f i c  community 

toward the  quest ion o f  ETI .  Their  paper po inted o u t  t h a t  there  i s  a na tura l  

s ignpost  i n  the electromagnet ic spectrum which would be known t o  any advanced 

c i v i l i z a t i o n ,  and t h a t  such c i v i l i z a t i o n s  might send r a d i o  s igna ls  a t  o r  near 

t h e  frequency o f  t h i s  na tu ra l  marker. 

r a d i a t i o n  a r i s i n g  from a hyper l ine  t r a n s i t i o n  i n  atomic hydrogen, the most 

This s ignpost  i s  the  21 cm wavelength 

abundant element i n  the  universe. Shor t l y  a f t e r  the  paper by Morr ison and 

Cocconi, Frank Drake conducted a search, known as P ro jec t  Ozma, f o r  such 

s igna ls .  Drake's search was unsuccessful, bu t  i t s  importance cannot be 

overlooked, as i t  was the  f i r s t  serious at tempt a t  de tec t i ng  ET1 s igna ls .  The 

re levance of a SET1 (Search f o r  E T I )  e f f o r t  t o  a search f o r  o the r  p lans tary  

systems l i e s  i n  the  f a c t  t h a t  the  on ly  known i n t e l l i g e n t  l i f e - fo rm,  namely 

ourselves,  developed and was nur tured on a p lanet .  If planets are requ i red  

f o r  t h e  ex is tence of  ETI, knowledge o f  the frequency of  occurrence o f  plane- 

t a r y  systems i s  c l e a r l y  h i g h l y  desirable.  
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. A systemat ic search for  other p lanetary  systems would thus reveal  

whether there  i s  j u s t i f i c a t i o n  i n  arguing t h a t  a na tura l ,  perhaps even causal, 

r e l a t i o n  e x i s t s  between the phenomenon o f  s t a r  formation, which has occurred 

some 10l1 t imes i n  the  Galaxy, and the  ex is tence o f  ET I .  The de tec t ion  o f  

o t h e r  p lanetary  systems i s  d i f f i c u l  t; present observat ional  techniques and 

ins t rumenta t ion  are a t  bes t  marginal i n  terms o f  t h e i r  a b i l i t y  t o  c a r r y  o u t  

such a search. 

t o  the  problem i n  the  form of s p e c i f i c  design concepts f o r  systems which cou ld  

successfu l ly  mount a search f o r  other p lanetary  systems. 

o b j e c t  of e x q u i s i t e  beauty, and t o  t he  ex ten t  t h a t  t h i s  study i s  inst rumenta l  

i n  the  discovery o f  another such object ,  i t  w i l l  have served mankind an 

inva luab le  serv ice.  

The purpose of t h i s  Design Study was t o  apply modern technology 

The Ear th i s  an 
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APPENDIX 4 

PRINCIPLE dF OPERATION - OF IMAGILG INTERFEWMETER 

I f  t h e  Ear th hcd no atmosphere, every s t a r  seen through a telescope 

would look l i k e  a small, b r i gh t ,  steady d isk .  

atmosphere which i s  i n  tu rbu len t  motfon. Therefore, when we look a t  

s t a r s  through a small telescope, each s t a r  r a p i d l y  o s c i l l a t e s .  Precise 

p o s i t i o n  o f  a p a r t i c u l a r  s t a r  r e l a t i v e  t o  o ther  s ta rs  i s  d i f f i c u l t  t o  measure 

because o f  t h i s  mst im,  ?spec ia l l y  s i l ice o s c i l l a t i o n s  o f  various s ta rs  

caused by the  Ear th ' s  atmosphere are  .independent o f  each oth'er. 

However, we have an 

The s i t u a t i o n  i r ,  improved i f  we use two telescopes t o  form together 

one image o f  a star- f i e l d .  

i n te r fe romete r  i s  based. 

each having one movable f l a t  m i r r o r  and two s t a t i o n a r y  ccncave mi r ro rs ,  

enclosed i n  a vacui'm (Fig. 1 ) .  

This i s  a r a d i c a l l y  new idea on which our imaging 

The in te r fe rometer  cons is ta  o f  two telescopes, 

S t e l l a r  images from the  two telescopes e i t h e r  add together i n  phase o r  

i n t e r f e r e  arid cancel ezlch other. Therefore, an image o f  a s t a r ,  formed by 

two telescopes together,  i s  a round d i s k  crossed by inany dark and b r i g h t ,  

rainbow colored, p a r a l l e l  f r i r iges.  The cen t ra l  b r i g h t  f r i n g e  i s  white. 

T h i s  wh i te  f r i n g e  def ines the prec ise p o s i t i o n  o f  a s t a r  i n  the ho r i zon ta l  

, d i r e c t i o n  w i t h  l i t t l e  e f f e c t  fr 

The wh i te  f r i n g e  i s  seen a t  

l i g h t  paths froin a s t a r  through 

the wavelength of l i g h t  (about 

m the Ear th ' s  atmosphere. 

t h e  p o i n t  where the  lengths o f  t he  two 

t h e  two telescopes are  equal , t o  w i t h i n  1/10 o f  

/50,000 o f  an inch) .  
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Let us suppose that  we look a t  a s t a r  s imilar  t o  our Sun b u t  10 l i g h t  

years away. Let this star have a massive planet,  l i ke  Jupi ter .  As the p l a n e t  

moves around the s tar ,  the s t a r  wobbles around the center of mass of the 
- 

planetary system. T h e  s i ze  of this wobble amounts to  one b i l l ion th  o f  the 

distance from the star to us. 

How does one detect a s h i f t  o f  a s t a r  i n  the sky amounting t o  one b i l l i o n t h  

of i t s  distance? W i t h  the instrument which we designed i t  is  simple: 

separation between the f l a t  mirrors of the two telescopes must be a b i l l i on  

times larger  t h a n  the accuracy with which we measure the position of the 

white fr inge formed by combining the  s t e l l a r  l igh t  w i t h  the two telescopes. 

We measure the position of the white f r inge to  within X / l O ,  so the 

separation between the telescopes must be equal to  100 million lengths. This 

amounts t o  60 yards, the separation which we adopted. By increasing the 

separation between the telescopes we increase the precision of  measurements. 

One interferometer consisting of two telescopes measures only a horizontal 

component of separation between the two s t a r s .  

i t  i s  i n  the southeast, then we w a i t  a few hours u n t i l  i t  moves to  the 

southwestern par t  of the sky and repeat the measurement w i t h  another in te r -  

We observe a star f i e l d  when 

ferometer pointing southwest. T h i s  horizontal component o f  separation 

between the two s t a r s  i s  almost perpendicular t o  the component measured 

i n  southeast (Figure 2 ) .  Therefore, we need two interferometers (Figure 3)  

t o  measure two perpendicular components of separation between the two stars. 
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